This multi-disciplinary research paper should help solar power plant developers and Missour). After evaluation of wind and humidity data and a comprehensive soil analysis, the erosion risk was estimated to be higher in Zagora. The specular reflectance loss of exposed silvered-glass reflectors of 5.9% in Zagora and 0.8% in Missour after 25 months of exposure verified this estimation. Additionally, a specular reflectance analysis on a mirror sample that has been exposed for nine than 40% were measured. A checklist with seven items is given in the conclusion to help solar plant developers to evaluate the risk of component aging due to sand storm erosion.
in the following characterizes airborne sand and dust material and later focuses on the resulting erosion effects. Some important meteorological and geological parameters for sandstorm occurrence and the resulting erosive damage on glass materials by impacting windblown material are extracted from literature. The respective parameters have been measured at two locations in Morocco (Zagora 25 and Missour). After evaluation of wind and humidity data and a comprehensive soil analysis, the erosion risk was estimated to be higher in Zagora. The specular reflectance loss of exposed silvered-glass reflectors of 5.9% in Zagora and 0.8% in Missour after 25 months of exposure verified this estimation. Additionally, a specular reflectance analysis on a mirror sample that has been exposed for nine 30 months in Kuwait is shown. On that sample specular reflectance losses of more than 40% were measured. A checklist with seven items is given in the conclusion to help solar plant developers to evaluate the risk of component aging due to sand storm erosion.
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Introduction
Many arid sites in the MENA-region are of high interest for solar energy plant developers because of the high annual irradiation levels. However these regions also lead to high material demands of the used components due to the 40 increased aerosol particle loads in the atmospheric layer close to the ground [1] .
Especially the optical energy conversion process is often significantly reduced from its theoretical efficiency due to the presence of sand and dust [2] . On the one hand, this causes soiling on the respective optical surfaces that lowers plant efficiency. Cleaning can reverse the effect but requires manpower and water [3] . 45 On the other hand, an increased presence of aeolian particles also leads to optical scattering and absorption processes in the air between the different optical components of solar power plants. This phenomenon is known as atmospheric extinction and is of special importance for central receiver concentrating solar power plants, where the spatial distance between the reflecting heliostats and 50 the absorber can be up to several kilometers [4] . A third effect are windblown aerosol particles, which may cause possible mechanical damage when impacting on the optical components. All of the three effects lead to optical performance losses which decrease the economic benefit of a solar energy power plant. For a 50 MW concentrating solar power plant (CSP) located in Spain an annual 55 financial loss of 0.7 Me could be calculated when the reflectance of the mirrors is decreased by 1% [5] . Therefore there is a strong interest of the CSP and also photovoltaic (PV) industry to develop testing procedures which are capable to estimate the lifetime of optical components as it was recently done by many groups [6, 7, 8, 9, 10, 11] .
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The present work concentrates on the permanent mechanical damage by windblown particles causing surface abrasion (hereafter referred to as "erosion"). It was widely studied in literature on many different materials and with a variety of input parameters [12, 13, 14] . In this study, the defects in glass reflectors provoked by air-borne particles at two representative sites in Morocco (Zagora the extensive literature addressing the severe sandstorm activity in the Kuwait region [17] .
Within this work, the erosion determining factors are discussed, the critical sand movement principle is explained and resulting data from the investigated outdoor sites are shown. The differences between the varying reflectance losses at 80 the distinct sites can be mainly explained by the particle size distribution of the soil, the mineralogical composition of the soil, the wind velocity in combination with relative humidity, the prevailing wind direction with respect to the solar collector orientation, and the characteristics of the local landscape.
Defects on brittle materials
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From the mechanical point of view, glass can be classified as a brittle material which forms erosion pits and cracks when exposed to harsh solid particle impacts. It has been shown in literature that defects caused by sandstorms on various construction materials is as real as on exposed glass samples for solar energy applications [18] [10] . Within the present work, further evidence 90 from a field exposure in Morocco and Kuwait will be given as well in order to emphasize the actuality of the issue of glass erosion. This is due to the low fracture toughness K (or critical stress intensity factor, sometimes also labeled K c ) of glass. Depending on K the overall erosion process of a material can be described as ductile or brittle, respectively. Brittle materials will suffer from 95 material loss due to splitting effects while ductile erosion can be characterized 7 by a cutting and ploughing process exerted by the erodent (i.e. the abrasive or eroding material) on the target material. The difference between both regimes is very well depicted by the dependency of the impact angle α on the erosion rate E g (material loss per impacting mass). Wensink and Elwenspoek [19] de-100 fined an "erosion classification value" E CV as the ratio of E g at α = 45
• to Fig. 1 ).
Depending on the particle and target characteristics, there is a certain threshold of kinetic energy for elastic impacts. The erodent as well as the target, will 115 not be altered by those impacts and no damage is caused. Above that critical energy, the impact is inelastic and several different crack types can be the consequence. The transition from elastic to inelastic is not abrupt, especially for erosion with non homogeneous erodents, all different types of cracks can be found on the target. The state of the target surface is a further critical factor 120 governing the defect formation. In the case of a silica glass target, strong covalent Si-O bonds would result in a theoretical strength of ≈ 17 GPa but the practical yield strength is often found in the range of only 50-150 MPa. This is because of flaws, scratches, bubbles and inclusions [21] .
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Most scientific literature describe the erosion rate E g with the help of the relative weight loss. This relative weight loss is defined as the amount of mass of four regimes of erosion in dependence on the impact velocity and the particle size. Wada [13] (right) describes four different regimes by combining particle size and the impact velocity to the impact energy E 0 on the y-axis and the ratio of the hardnesses on the x-axis. The indices p or t stand for particle and target, respectively.
the target material removed by a unit mass of erodent material [∆m t /m erodent ], or sometimes as E p standing for ∆m t per erodent particle. The results obtained by this parametrization is applicable only to a certain extent to the loss of optical performance. A glass mirror may lose a significant part of its specular reflectance ρ λ,ϕ without any detectable mass loss due to scratches or cracks.
However the fundamental relations between the erosion determining parameters and E g might help to find a valid correlation to ρ λ,ϕ as well, at least in a region that sufficiently covers the objectives of this work.
In a previous study, Feng and Ball [14] 
Wada [13] 
130
Also K p affects E g in a proportional manner. Accordingly, the erosion map in It needs to be stated as well, that a lot of threshold effects for E p were demonstrated regarding the effects of increasing d for a spherical particle [14] . Below a certain value of d no defects might be caused by the impacting particles and only
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after exceeding a critical threshold, measurable defects become obvious. Furthermore Buijs and Pasmans [22] recognized a critical transition of the exponent of the impact velocity dependence on erosion rate. At lower impact velocities, it was argued that the force imparted to the glass surface during maximum penetration is lower than the threshold for fracture of glass and the erosion rate strate. Due to their lower hardness, these coatings are more susceptible to erosion effects [23] and an outdoor exposure of these distinct coatings would be necessary to arrive at detailed predictions on specific lifetime expectations.
A comparative study among different anti-reflective coatings after a laboratory erosion treatment is dealing with this issue [24] in more detail. in Libya. After a field study on a gobi site in western China, Cheng et al. [32] could conclude that the typical upper limit for windborne sand matter of 2 m can be shifted up to 3 or 4 m at gobi sites. They could detect particles with diameters of 3 -5 mm at those heights above ground. However it should be stated that the measured wind velocities of 41 m s −1 (at 10 m height above
ground over an open space with no obstacles) are quite high. A certain fluid drag is necessary in order to bring the first particles from the surface into saltation mode, which is caused by the threshold friction velocity u * τ . For most natural sands Nickling [34] suggests that this threshold should not be defined by a finite value but as a range of u * τ . Models can be employed to estimate the u * τ as it was done by Darmenova et al. [33] . Fig. 2 shows their results for different assumptions. These calculations were done for a parent bed of similar, equally sized and uniform soil particles only. This assumption is barely fulfilled for natural systems. Nevertheless, it points to the critical effects that promote or impede saltation. On the left side of the indicated saltation region (gray area), where the particle diameter is smaller than 60 µm the increasing inter-particle cohesive forces impede saltation as well as the prevalent dominance of the gravity force does for particles which are larger than 500 µm. site to the maximum in the particle size distribution (PSD) which was at 80 and 200 µm for the gobi and the dune site, respectively. In practice, u τ can be determined by taking into account the logarithmic law of the wall [37] 
and measuring the wind speed at various heights z. Eq. 2 can then be applied to obtain u τ and z 0 . Here κ is the von Kármán constant (≈ 0.4). The parameter z 0 is called the roughness length of a certain terrain and depends on the topography, the height and the distribution of roughness elements on the 155 investigated surface.
A comprehensive wind tunnel investigation on the effects of u τ , PSD and particle shape on the saltating particles was published by Williams [38] . The effect of u τ on the mean size of saltating particles was very small at the investigated distance above ground. A higher grain sphericity of the soil particles increases 160 the height where particles with a given diameter are expected to be present. The rate of particle movement was investigated and an exponential power law was found as the basic relation between transport mass and height above ground.
This finding was later confirmed in a field study by Farell et al. [39] who also measured a vertical mass flux profile showing an exponential decay.
165
Willetts et al. [40] further showed that the particle shape has a pronounced effect on saltation because considerably higher material transport rates were observed for sandbeds containing particles of high sphericity. Segregation of soil particles by various transport rates was found to be of minor influence unless the soil consists of size fractions smaller than 50 µm, where sorting can 170 be a critical factor for transport rates. Another study by Willetts [41] could further show that lower grain sphericity exhibits higher transport rates at low wind velocities (u τ < 0.5 m s −1 ) but a lower rate at high wind velocities. They observed a transition in transport rates for spherical grains as a result of a shift in regime from wind dislodgement to collision dislodgement. An experimental 175 study by Nickling [34] used sand of different mean diameters, sorting characteristics and particle shapes. In contrast to [38, 40, 41] he concluded that the particle shape is of much less importance in controlling u * τ than the particle size. Interestingly the testing with bimodal size distributions by Nickling [34] showed 13 a very narrow transition region for particle movement with increasing u τ . It was 180 argued that the rapid increase might result from the preferential entrainment of particles from the finer mode of grain sizes, at relatively low friction velocities, which then in turn dislodge a large number of other stationary surface grains of larger modes. Furthermore, differences in surface packing -as it is caused by bimodal distributions-lead to particles being more exposed to wind stress and 185 consequently are more susceptible to entrainment at lower wind speeds.
Apart from the aforementioned parameters, the gravimetric soil moisture w is used as a critical input parameter for many dust emission models, since it is well known that it strongly contributes through adhesion and capillary effects to the binding forces keeping particles together [42] . Changes of the atmospheric 190 relative humidity (rh) contribute to most of the variability of w in arid regions [43] . The soil moisture can be related to the clay content [44] which is known to influence the adsorption capacity of the soil. Hence, soils with a higher clay content can be ascribed a higher u * τ than sandy soils when humidity is present. The model developed by Cornelis et al. [45] shows a gradual increase of u * Fig. 3(a) . The two stations belong to the enerMENA meteorological network [47, 48] . Both site locations can be described as arid zones with poor vegetation. An overview for the general meteorological data during the 25 month period is given in Table 1 . Only data points which were present at both sites at the specific time were used for evaluation.
This led to a total number of 849,000 data points with 1-minute temporal resolution. Both sites exhibit high irradiation values and the GHI as well as the DN I makes the sites suitable for PV or CSP applications. Higher average temperature and lower average relative humidity indicate the more desertic nature of the Zagora site compared to Missour. In order to characterize the sand particles present at the sites, soil samples were manually taken from the topsoil layer.
They were analyzed by optical and electron microscopy and X-ray diffraction to determine numerical size distribution (PSD num which displays the number of particles with a certain diameter), shape characteristics and mineralogical composition. In order to monitor aeolian particles, the EDM164 particle counter µm. It has to be noted that the EDM164 has a certain sampling efficiency which is not uniform for different particle sizes [4] . Especially larger particles are sampled only to a certain extent. The evaluation will therefore only be performed up to particle diameters of 31 µm in order not to lose accuracy. From the count rates N i in the different size channels i, the total suspended particle mass (T SP ) can be calculated after Eq. 3
where V i is the average volume of the particles in the respective channel, D soil is 205 the mean density of the soil at the respective site, taken from the mineralogical analysis and V a is the air volume. Particles were assumed to be spheres which is a prevalent assumption for calculating particle masses [49] . Here also the shape of the generally non-spherical natural dust particles is going to be discussed in the result section about shape analysis. 
Laboratory equipment
The optical inspection of sand and mirror samples was performed with an Energy Dispersive X-ray spectroscopy module (EDX) was used to determine processes, an open loop wind tunnel with particle injection -named Acetubewas constructed at the PSA [51] . A sketch of its working principle is given in . The specimen to be tested is mounted on a rotating plate in the transparent box in order to establish a homogeneous defect distribution over the specimen surface [52] . The impact angle α is fixed at 45
• for the present investigation. Wind velocities were determined at the specimen position during a calibration process in reference to the ventilator power by the application of an 245 ultrasonic wind sensor from FT technologies LTD. The natural soil from Zagora and Missour was used as erodent material with all particles larger than 150 µm being removed. This limit was chosen on the one hand because of the initially mentioned size limit for saltating particles and on the other hand because of the availability of adequate meshes. The total erodent mass applied at each tested 250 wind velocity was 60 g which leads to an impacting sand mass per reflector area of m A = 0.19 g cm −2 , which can be calculated using the tube diameter of 20 cm.
Results and Discussion
Meteorological measurements
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The average wind velocity u in Zagora is higher than in Missour and mean rh is about twice as high in Missour as in Zagora (see Tab. 1). Both parameters play an important role for potential sand movement. Therefore a more complete analysis of u and rh was performed and is shown in Fig. 5 ). The histogram shows the frequency of certain events. It can be seen that the probability of humidity and high wind velocity promotes the probability of saltation [53, 54] .
It can be concluded that the independent examination of the parameters rh and u from Fig. 5 (a) and (b) or the annual averaging as it has been done in Tab. 1 cannot lead to the same conclusion about potential saltation processes.
A more thorough evaluation is necessary in order to perform a meaningful site 275 assessment for the estimation of sandstorm threats to solar power plants.
In order to describe the aeolian dust concentration, the T SP data measured by the EDM164 is plotted in Fig. 6 for a typical week for both sites. It can be seen that the T SP values of Zagora are higher than in Missour and they generally lay below 1000 µg m the horizontal visibility which is related to current T SP [56] . 
Soil analysis
A scanning electron microscope (SEM) image of the soil samples taken from Zagora and Missour is shown in Fig. 7 . It can be seen that the main volumetric contribution in Zagora comes from particles larger than 100 µm while in Missour 
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As it has been pointed out before, there is a minimum of the threshold friction velocity u * τ for particles with diameters between 65 and 200 µm (see complete PSD num they are less exposed and their ejection from the sandbed into saltation mode is suppressed.
Elemental analysis and conversion to the most prominent oxide compounds lead to the mineralogical composition in Table 2 . The major constituent of the 325 soil in Zagora is quartz, with a content of 73wt.%, followed by some minor percentages of clay-and carbonate minerals. The situation is completely different for the soil from Missour where quartz is only contributing around 13wt.% to the total mass. More than two thirds of the soil in Missour are carbonate minerals and around 14wt.% of gypsum could be identified.
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On the one hand, the high clay content leads to an augmented water adsorption capacity. Therefore a higher mean soil moisture is expected [44] which impedes saltation in Missour. A simple experiment was conducted to provide further evidence on the increased water adsorption potential of the soil from Missour compared to Zagora. Therefore a small sample of both soils was ex-
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posed overnight outdoor at the PSA at a relative humidity of around 50%. In the morning the samples were weighed and then heated up to 100
• C for two hours to remove adsorbed water. Immediately afterwards, the samples were weighed again and the relative mass loss could be derived. In case of Zagora the loss was Regarding the shape of particles, the common definitions after Krumbein and Sloss [59] will be used in the following. The two basic parameters, the sphericity (in contrast to ellipticity is describing the volume ratio of the actual 355 partical to that of a circumscribing sphere) and the roundness(in contrast to angularity is describing how smooth a grain is) were evaluated from the soil at the respective sites and are shown in Fig. 9 . Only particles with diameters larger than 20 µm were taken into account since they are supposed to contribute the most to the saltation and moreover are responsible for the mechanical defects on 360 the reflector surface. The circularity as well as the roundness behave similar at both sites and no conclusion towards an augmented erosion or saltation behavior can be drawn from the data. However, it can be stated that the effectively higher erosion potential which is present in Zagora is not caused by a significant difference of the particle shape of the sand particles at that site. it was possible to investigate the spatial ρ λ,ϕ loss distribution on the sample. For each value of u and erodent type, an as-received glass reflector was used, its specular reflectance ρ λ,ϕ was measured before and after the experiment and the resulting difference is plotted as reflectance loss ρ s,loss in Fig. 12 as a function of the wind velocity u. For all u, ρ s,loss is higher when soil from Zagora is used instead of the soil from Missour. On the one hand this can be explained by the differences in PSD num . Namely the increased frequency of larger particles in the
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Zagora soil (even though only particles with diameters smaller than 150 µm were used). As mentioned in section 1.1 the particle diameter contributes significantly to the erosion rate. On the other hand the higher reflectance loss provoked by soil samples of Zagora can be explained by the increased percentage of quartz in the Zagora soil which is around 5.6 times higher than in the soil from Missour.
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At low testing velocities and particle diameters it is reasonable to assume that only the hard quartz particles are able to penetrate into the glass and cause inelastic impacts.
It further becomes apparent that ρ λ,ϕ decreases faster with increasing u for the 28 Zagora soil. In other words, the velocity exponent l (from Wada [13] ) changes 425 to a higher value at a certain u. One explanation could be a threshold limit of the erosion rate, that is already reached in the case of Zagora soil in the investigated velocity range maybe caused by the aforementioned higher content of larger particles.
Conclusion
In this study, the potential risk of erosive degradation on solar energy materials by sandstorms has been described theoretically and a practical assessment of relevant sites has been performed. Outdoor exposed samples at two sites already showed significant erosion defects. Samples exposed in Kuwait lost up to sites, but if only events with rh < 10% were taken into account, a probability for extreme wind events which is four times higher in Zagora than in Missour could be demonstrated. In summary, the conditions as found in Zagora favor saltation more than in Missour.
Once a site is believed to eventually allow particle saltation, an estimation of its damage potential can be obtained by accelerated aging experiments with the respective soil from the site. Particles of the same size range from Zagora and Missour have been used in an artificial accelerated erosion setup at different test velocities. ρ λ,ϕ was determined to quantify degradation of glass mirror samples 465 after the accelerated erosion treatment and an increasing optical performance loss with impact velocity could be determined. This is in agreement with theory, since the impact energy of the particles rises with the square of velocity. Furthermore, an increased erosion efficiency of the erodent material from Zagora over that from Missour of 2.7 (average over all velocities) could be measured.
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From theoretical considerations it could be concluded that a bigger d and a larger erodent particel hardness H p leads to a higher erosion rate. The erodent material extracted from the soil of Zagora exhibits a PSD num where bigger particles are present more frequently than in Missour and further contains around 5.6 times more quartz.
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Erosion effects due to impacts of windblown particles can significantly affect the optical performance of solar power materials. A CSP plant with its reflectors exposed to similar annual erosion damage as it has been measured in Zagora would not be competitive. Due to the optical working principles of the 480 respective technologies the same can be stated for a PV plant even though to a less pronounced extent since flat panel PV technology not only exploits direct solar radiation [2] . Light scattered on defects of the glass surface is still available for the photovoltaic energy conversion process but will not strike the receiver for concentrating technologies [62] . It should be of high interest for plant designers 485 to estimate the risk of erosive sandstorm events for the selected outdoor sites.
Complete modeling of saltation processes under natural conditions is difficult since the solutions require bulky parameters whose acquisition can be complex.
The most reliable conclusion about the actual erosion risk due to sandstorms can be drawn from outdoor exposure of representative materials. However, this can be a time consuming task. This study therefore points out some easily measurable parameters that could serve as indicators for the potential erosion risk of optical components for solar energy plants. Care has to be taken if:
• Soil samples exhibit a PSD num with a maximum around 65 to 200 µm.
• The PSD num of soil samples is of bimodal nature.
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• The terrain exhibits no surface features and is basically a vast plain without vegetation or obstacles serving as wind barrier. Wind velocities are higher than 10 m s −1 (measured at 10 m above ground).
• Low relative humidity and high wind velocities are present at the same time.
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• High T SP concentrations (> 1000 µg m −3 ) are measured.
• A low clay content in the soil is present which will lead to less efficient water adsorption which lowers the soil moisture and in the end favors saltation.
• A high quartz content in the soil is present which will lead to intensive 505 erosion effects if particles reach saltation mode.
Certainly, the presence of only one or two of the above mentioned aspects could be balanced by the absence of the remaining aspects but care should be taken to further investigate the chosen site for a solar power plant and to select adequate optical materials [6] if a few of the points could be verified.
Outlook
The ρ λ,ϕ losses that have been measured within this study should be understood as worst-case scenario effects. Under realistic power plant conditions they should only occur on the outermost panels/mirrors facing the predominant wind direction. The inner part of a solar power plants should be relatively safe et al. [63, 64] have been tested. These effects should be taken into account in further projects to assess the effect of sand storms in the entire field, e.g. by making use of CFD computation tools.
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